The continuously growing integration of mechanics, electronics, and informatics into modern products introduces a considerable complexity into product development activities. Model-Based Systems Engineering (MBSE) methods are one approach to handle this complexity. Eco-design methods, which are also increasingly important due to sustainability focus of many companies, is not fully implemented or even not taken into account at all in MBSE methods. Therefore, this paper aims at integrating the environmental impacts of a mechatronic product in a MBSE method using Systems Modelling Language (SysML).
Introduction
Products get increasingly complex combining different fields of knowledge like software, mechanics, electrics and electronics. Model-Based Systems Engineering (MBSE) is an interdisciplinary approach for handling complexity during product development. The System Modelling Language (SysML) [1] is the main modelling language incorporating MBSE methods. Meanwhile, since environmental threats are major concerns for consumers and companies, they are getting more attention in the product creation processes. Therefore, consideration of environmental issues along the whole product's life cycle increases in importance. This additional complexity stemming from environmental aspects is not explicitly integrated in MBSE.
For this reason, this paper presents a method that integrates the environmental impacts in MBSE using SysML. The method assists engineers with understanding and modelling the intricacy of major environmental impacts of the product, proposing optimizations and reports. First, the paper gives an overview of related work on Product Lifecycle Management (PLM) and applied modelling of environmental impacts with SysML. In chapter 3, the method itself is detailed with a focus on the following points: consideration of appropriate requirements, modelling of the environmental impact with SysML and finally reporting and evaluation. Using a 3D Printer as example product, the method is illustrated. SysML models are generated using the software tool MagicDraw [2].
Related work

Model-Based Systems Engineering and Product Lifecycle Management
According to the International Council on System Engineering (INCOSE), "Systems Engineering is an interdisciplinary approach and means to enable the realization of successful systems. It focuses on defining customer needs and required functionality early in the development cycle, documenting requirements, then proceeding with design synthesis and system validation while considering the complete problem" [3] . MBSE is an extension of the systems engineering (SE) approach that focusses on capturing product properties and engineering information consequently within models instead of predominantly using documents. The various representations from the MBSE are Requirements, Function, Logic, Behavior, and Structure. The resulting analysis provides traceability from requirement to component and vice versa.
Sébastien Bougain and Detlef Gerhard / Procedia CIRP 61 ( 2017 ) 715 -720 VDI guideline 2206 [4] supports the development of complex mechatronic product on methodic level. Particularly, the so called V-model, see Fig 1 , guides through development processes for engineering design of mechatronic products. Although environmental issues are not addressed specifically in the V-model they can be treated along the development. Product Lifecycle Management (PLM) is an approach to holistically manage all product related information in engineering design processes and beyond, especially production and usage [5] . PLM is based on the combination of various systems and models along the product's lifecycle so as to connect them for increasing the traceability between the different abstraction levels. The lifecycle phases that are explicitly treated in eco-design methods are as follows: material extraction, manufacturing, operation and use, end-oflife, and several transport processes within the phases [6].
The System Modelling Language (SysML) and its application for modelling environmental impacts
To successfully model function, behavior and other aspects of an intended product, SysML, which is an extension of the Unified Modeling Language (UML), is integrated. Each model is enriched with different relations like "composition", "aggregation", "satisfy", "verify" etc. that state the relationship between the blocks. The goal is to have a clear and fast comprehension of the whole system, see Fig 2. Moreover, the different SysML models are interlinked with one another. For instance, when a product's part is fulfilling a requirement it can be shown in the requirements diagram with a "satisfies" relationship established between the involved objects.
An interesting part of SysML software tools is that they can be linked with a core solver in order to perform calculations. The plugin ParaMagic for MagicDraw from InterCAX [7] for instance is able to extract information from the model and make calculations with a chosen core solver like Mathematica or Simulink. This can help the designer for assessing the product in the early stages of the development and have lots of applications.
Concerning interaction between the environment and the product, Matar [8] detailed a SE approach for realizing sustainability in infrastructure projects. One goal of his research is to "adequately represent, but simplify, the complexities of both the environmental system and the construction product and production systems for both buildings and infrastructure projects." Thanks to SysML, a model of interaction between the environment and the product (in this case a building) is detailed. This is shown as an interacting model using blocks and showing the exchange of energy, material and information. With the help of such a representation, design engineers are able to assess the impact of each part or function. This could be further used for a complete representation of the environmental interaction as for instance eutrophication or waste water assessments.
Concerning manufacturing phase, Romaniw et al propose an equivalent approach using blocks and relations for calculating environmental impacts of a production system using the InterCAX tool [9] . The method uses a slightly different Activity-Based Costing method, where a manufactured part is made via a manufacturing operation which consumes resources. All operations will consume a quantity of energy and produce carbon dioxide. Constraints and relations define for a machine how much energy is consumed and how much is emitted. The InterCAX plugin is then capable of extracting, exploiting and calculating the environmental impacts of a machine and assessing the whole factory. Related work about the use of SysML with calculation of environmental impacts exists but has a different approach as it will be analyzed in chapter 3.
Eco-design software
Wimmer et al [10] developed in the early 2000s the ECODESIGN PILOT (EP), a tool for providing and supporting strategies in order to design a product with consideration about the environment. It was the result of an investigation based on many eco-design projects and optimizations of product in order to deduce a method like in a Case-Based Reasoning (CBR) approach. The software follows an approach of qualitatively enabling design engineers to quickly identify appropriate eco-design measures for the improvement of their product. Most important, design engineers have to determine, in which phase a product consumes and emits the most. This process is supported by the software assistant, which asks for information about the product like materials used, life expectancy, energy used for manufacturing etc. in order to determine the phase in which the product probably consumes the most. Then the software gives different strategies with questions that the designer has to ask himself (and rate from 5 to 10) in order to decrease the environmental impact of the product. Each of these strategies is filled with measures helping the design engineer to apprehend the issue if she or he is not familiar with the subject. For instance, for a use intensive product, the following 5 strategies are proposed in EP, the last is detailed with its 6 measures:
Optimizing product functionality Improving maintenance Ensuring environmental safety performance Reducing consumption at use stage Avoidance of waste at use stage
